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Abstract 12 
Solar-reflective “cool” walls reduce absorption of sunlight by the building envelope, which 13 
may decrease cooling load in warm weather and increase heating load in cool weather. Changes 14 
to annual heating, ventilation, and air conditioning (HVAC) energy use depend on climate, wall 15 
construction, wall orientation, building geometry, HVAC efficiency, and operating schedule. 16 
Changes to annual energy cost and energy-related emissions further vary with local energy prices 17 
and emission factors. We used EnergyPlus to perform over 100,000 whole-building energy 18 
simulations, spanning 10 different building categories, three building vintages, 16 California 19 
climate zones, and 15 United States (U.S.) climate zones.  20 
Cool walls yielded annual source energy, energy cost, and emission savings in all California 21 
climate zones and in warm U.S. (ASHRAE) climate zones. In California, annual whole-building 22 
HVAC energy cost savings were 4.0 – 27% in single-family homes, 0.5 – 3.8% in medium 23 
offices, and 0.0 – 8.5% in stand-alone retail stores. In warm U.S. climates—zones 1A (Miami, 24 
FL) through 4B (Albuquerque, NM)—annual HVAC energy cost savings were 1.8 – 8.3% in 25 
single-family homes, 0.3 – 4.6% in medium offices, and 0.5 – 11% in stand-alone retail stores. 26 
California and U.S. fractional source energy and emission savings were comparable to fractional 27 
energy cost savings. Per unit surface area modified, cool-wall savings often exceeded cool-roof 28 
savings because building codes typically prescribe much less wall insulation than roof insulation.  29 
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Abbreviations 34 
AFUE Annual fuel utilization efficiency 
BECP Building Energy Codes Program 
CACZ California climate zone 
CBECS Commercial Building Energy Consumption Survey 
CDD18C Cooling degree days at 18°C 
CEC California Energy Commission 
COP Coefficient of performance 
CO2 Carbon dioxide 
CO2e Carbon dioxide equivalent 
DOE United States Department of Energy 
eGRID Emissions & Generation Resource Integrated Database 
ESM Electronic Supplementary Material 
GHG Greenhouse gas 
GWP Global warming potential 
HDD18C Heating degree days at 18°C 
HVAC Heating, ventilation, and air conditioning 
IECC International Energy Conservation Code 
JESS jEPlus Simulation Server 
LBNL Lawrence Berkeley National Laboratory 
LT Local time 
NOx Nitrogen oxide 
NREL National Renewable Energy Laboratory  
PNNL Pacific Northwestern National Laboratory 
RECS Residential Energy Consumption Survey 
SAF Solar availability factor 
SEEAT Source Energy and Emissions Analysis Tool 
SO2 Sulfur dioxide 
U.S. United States 
USCZ United States climate zone 
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Symbols 36 
𝑎𝑎 Pollutant index 
𝐴𝐴m Total surface area modified 
𝑐𝑐 Annual whole-building HVAC energy cost savings 
𝑑𝑑HVAC Annual-average whole-building HVAC peak power demand reduction 
𝑒𝑒c Annual whole-building cooling site electricity savings 
𝐸𝐸c Annual whole-building cooling site electricity use 
𝑒𝑒f Annual whole-building fan site electricity savings 
𝐸𝐸f Annual whole-building fan site electricity use 
𝑒𝑒h Annual whole-building heating site electricity penalty 
𝐸𝐸h Annual whole-building heating site electricity use 
𝑓𝑓e State-specific site electricity emission factor 
𝑓𝑓g Non-regional site gas emission factor 
𝑔𝑔h Annual whole-building heating site gas penalty 
𝐺𝐺h Annual whole-building heating site gas use 
ℎHVAC Annual whole-building HVAC source energy savings 
𝑖𝑖 Hour index 
𝑗𝑗 Whole-building savings 
𝑗𝑗″ Intensity (value per unit surface area modified) of savings 𝑗𝑗 
𝑝𝑝 Annual whole-building reduction in emission of pollutant 
𝑠𝑠e Site-to-source conversion factor for electricity 
𝑠𝑠g Site-to-source conversion factor for gas 
𝑇𝑇 Number of peak-demand hours in a year 
𝑧𝑧e State-specific annual average price of electricity 
𝑧𝑧g State-specific annual average price of gas 
 37 
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1 Introduction 39 
Solar-reflective “cool” walls reduce absorption of sunlight by the building envelope, which 40 
may decrease a building’s cooling load in warm weather and increase its heating load in cool 41 
weather. The change in a building’s annual heating, ventilation, and air conditioning (HVAC) 42 
energy use depends on climate, wall construction, wall geometry, and wall orientation, along 43 
with other details of the building, such as HVAC efficiency and operating schedule. 44 
The solar radiation (energy per unit area) that strikes a surface decreases with beam incidence 45 
angle, or angle between solar beam and surface normal. At noon in summer, the sun is high, and 46 
a horizontal roof receives beam (direct) solar radiation at a small incidence angle. In winter, the 47 
sun is lower, the roof’s solar incidence angle is greater, and the days are shorter (Abood 2015); 48 
in some climates, winter skies may also be cloudier (Wilcox and Marion 2008). Thus, we expect 49 
a horizontal roof to receive more daily solar radiation in summer than in winter. 50 
The decrease in cooling load and increase in heating load upon raising wall albedo are each 51 
proportional to the sunlight intercepted by the walls. Thus, we expect walls that receive more 52 
sunlight to contribute more to the changes in cooling and heating loads. 53 
Consider a building in the northern hemisphere with walls that face north, east, south, and 54 
west. On a clear day, we expect east and west walls to receive similar daily solar radiation given 55 
the east-west symmetry of the solar path. Beam solar radiation strikes the east wall in the 56 
morning and the west wall in the afternoon. The summer sun rises in the northeast and sets in the 57 
northwest. The solar path in summer peaks close to zenith in the southern sky. In winter, the sun 58 
rises in the southeast and sets in the southwest; the solar path peaks in the southern sky at a small 59 
elevation angle (Abood 2015; Schroeder 2011). Therefore, the north wall receives beam solar 60 
radiation only during early morning and late afternoon of summer days. Under clear skies, the 61 
south wall will receive more beam sunlight in winter than in summer because the sun is lower, 62 
the wall’s minimum beam incidence angle is smaller, and the wall is exposed to more hours of 63 
direct illumination (Abood 2015). 64 
Given the differences in exposure to daily solar radiation based on orientation, we expect the 65 
north wall to yield the smallest summer cooling energy savings and smallest winter heating 66 
energy penalties among all walls. In summer, we expect the east and west walls to yield greater 67 
cooling energy savings than the north and south walls. During winter, we expect the south wall 68 
to yield the greatest heating energy penalties and the north wall to yield the smallest heating 69 
energy penalties. 70 
In the United States (U.S.), the first building energy efficiency codes were developed in mid-71 
1970s (Hunn 2010). Before the adoption of the first energy codes, residential buildings were 72 
erected with little insulation in roofs and often had little to no insulation in walls (Huang et al. 73 
1999). Since then, new codes have been released periodically, often raising insulation 74 
requirements. The efficiency of HVAC systems has also increased over time (Table 8-1 in CEC 75 
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2016b). The service life of an HVAC system depends on its maintenance but is typically 15 to 25 76 
years (Comfort-Pro 2015). Therefore, we expect cooling savings and heating penalties to be 77 
greatest in old buildings that were erected prior to the first building codes and have HVAC 78 
systems near end of service life. New buildings comply with the most stringent insulation and 79 
HVAC efficiency requirements. Hence, we expect new buildings to yield the smallest cooling 80 
savings and heating penalties.  81 
Past and current U.S. building energy codes prescribe more insulation in roofs than in walls 82 
(Table 8-1 in CEC 2016b; Huang et al. 1999; Blum 2007). Therefore, code-compliant walls 83 
provide less resistance to heat flow across the envelope than code-compliant roofs. If a 84 
building’s four walls (considered together) and roof have the same total opaque surface area, 85 
receive equal solar energy, and undergo the same increase in albedo (solar reflectance), we 86 
expect the walls to yield greater cooling energy savings and heating energy penalties because 87 
walls are less insulated than roofs. Of course, cool-surface energy savings will also scale with 88 
solar radiation and modified surface area. 89 
Envelope insulation, solar radiation, and surface area are considered in detail in the current 90 
study. However, for a simple example, consider how the ratio of roof area to net wall area (wall 91 
area excluding openings, such as windows and doors) can vary between buildings. A one-floor 92 
building with a large footprint, such as a single-story box store, will often have a high ratio of 93 
roof area to net wall area. This ratio decreases with building height since the wall area is 94 
proportional to the number of floors while the roof area remains the same. In multi-floor 95 
buildings, a cool roof affects the HVAC energy use of only the top floor while cool walls 96 
influence the HVAC energy use of every above-grade floor. Thus all else being equal, we expect 97 
cooling savings and heating penalties from cool walls to be greater than those from a cool roof 98 
when the building has a low ratio of roof area to net wall area. 99 
Many researchers have simulated cool roof energy savings and penalties in the U.S. (Akbari 100 
et al. 1999; Akbari and Konopacki 2005; Levinson and Akbari 2010; Parker et al. 1998), China 101 
(Gao et al. 2014); India (Bhatia et al. 2011), Spain (Boixo et al. 2012), Australia (Gentle et al. 102 
2011), and in major cities around the world (Synnefa et al. 2007). However, there are fewer 103 
comprehensive studies of cool walls. 104 
Petrie et al. (2007) used the building energy simulation tool DOE 2.2 to estimate cool-wall 105 
energy savings and penalties for a small house in seven U.S. cities, while Moujaes and Brickman 106 
(2003) used the 1-D transient heat transfer model RESHEAT to estimate the cool-wall cooling 107 
load reduction for a house in Las Vegas, NV. Zinzi (2016a) found cooling energy savings of 10 – 108 
20% when cool walls were applied to a three-story residential building simulated in the Italian 109 
cities of Palermo, Rome, and Milan. A second study by Zinzi (2016b) simulated cool-wall 110 
cooling energy savings for residential prototypes in three Mediterranean cities (Marseille, 111 
France; Athens, Greece; and Cairo, Egypt), reporting savings of 0.2 – 2.9 kWh/m² wall per 0.1 112 
increase in wall albedo. 113 
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Revel et al. (2014) simulated cool-tile walls on a five-story building and on a large single-114 
story industrial building in three European cities (Madrid, Rome, and Palermo), obtaining annual 115 
conditioning (cooling + heating) energy savings in each case. Finally, Paolini et al. (2017) 116 
performed a four-year natural exposure study on vertical concrete slates coated white (initial 117 
albedo 0.75) and beige (initial albedo 0.46) in Milan, Italy; after four years, the aged albedos 118 
were 0.55 and 0.38, respectively. They then simulated a 10-story residential building using these 119 
new and aged wall albedos. The 0.20 drop in white-wall albedo increased annual cooling energy 120 
use 5% – 11% and reduced annual heating energy use 2 – 4%. Energy-use changes depended on 121 
whether the building had been retrofitted to comply with current Italian energy regulations. 122 
In this paper, we quantify the effect of cool walls on isolated buildings. The use of solar 123 
availability factors (SAFs) to scale cool-wall energy savings for shading and reflection by 124 
neighboring buildings is detailed in a companion article by Levinson (2019). For example, that 125 
study found that annual cool-wall savings in Fresno, CA should be scaled by an SAF of 0.90 – 126 
0.96 when the canyon between opposing walls has an aspect ratio (height/width) of 0.2, and that 127 
the SAF falls to 0.06 – 0.24 as the aspect ratio rises to 10. SAFs for two-story single-family 128 
homes in Fresno typically range from 0.5 to 0.9 depending on the orientation of the central 129 
(modeled) wall and the distance to its opposing (neighboring) wall. 130 
We created code-compliant building prototypes representing three vintages of 10 categories 131 
of buildings. Using EnergyPlus—a whole-building energy use simulation program—we modeled 132 
the cooling, heating, and fan energy uses of each prototype to evaluate annual site energy, site 133 
peak power demand, source energy, energy cost, and emission savings upon raising wall albedo 134 
or roof albedo. Prototype simulations parametrically varied wall albedo or roof albedo, 135 
combination of walls modified, and orientation of the building’s long axis (east-west or north-136 
south). Simulations spanned climate zones across California and the United States. 137 
We present in this paper a subset of the California and U.S. savings and penalties to compare 138 
(a) cool wall savings to cool roof savings; (b) cool wall savings between locations; (c) cool wall 139 
savings from modifying different wall combinations; (d) savings from different vintages; and (e) 140 
the sum of savings from walls modified one at a time to savings from modifying the same set of 141 
walls simultaneously. 142 
2 Methodology 143 
2.1 Locations 144 
The effects of cool walls in California were evaluated in the 16 building climate zones 145 
established by California Energy Commission (CEC) (CEC 2015). To represent these 16 146 
California climate zones (CACZs), the building energy simulations were executed using weather 147 
data from 16 representative cities or towns (Table 1).  Electronic Supplementary Material (ESM) 148 
Figure A-1 in ESM Appendix A.1 shows the region covered by each California climate zone. 149 
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We also evaluated cool-wall effects in 15 ASHRAE climates zones across the United States, 150 
which we refer to as United States climate zones (USCZs). Table 2 lists the cities used to 151 
represent the U.S. climate zones and the locations of their weather stations; ESM Figure A-2 152 
shows the region of each U.S. climate zone. The U.S. climate zones are numbered from hottest 153 
(USCZ 1A) to coldest (USCZ 8). The letter in the U.S. climate zone name helps distinguish 154 
humid (A), dry (B), and marine (C) climates (Briggs et al. 2003a,b). 155 
Table 1. Cities or towns in California used to represent its 16 building climate zones, and the 156 
locations of their weather stations. 157 
City or town California climate zone (CACZ) 
Weather station location 
Latitude and longitude Elevation (m) 
Arcata 1 40.98° N, 124.10° W 62 
Santa Rosa 2 38.51° N, 122.81° W 45 
Oakland 3 37.72° N, 122.22° W 3 
San Jose 4 37.37° N, 121.93° W 16 
Santa Maria 5 34.92° N, 120.47° W 77 
Long Beach 6 33.83° N, 118.17° W 8 
San Diego 7 32.73° N, 117.17° W 4 
Fullerton 8 33.87° N, 117.98° W 29 
Burbank 9 34.20° N, 118.35° W 226 
Riverside 10 33.90° N, 117.25° W 462 
Red Bluff 11 40.15° N, 122.25° W 106 
Sacramento 12 38.50° N, 121.50° W 5 
Fresno 13 36.78° N, 119.72° W 102 
China Lake 14 35.68° N, 117.68° W 677 
Imperial 15 32.83° N, 115.58° W -17 
Mount Shasta 16 41.33° N, 122.33° W 1078 
 158 
  159 
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Table 2. Cities in United States used to represent ASHRAE climate zones, and the locations of 160 
their weather stations. 161 
City State 
United States 
climate zone 
(USCZ) 
Weather station location 
Coordinates Elevation (m) 
Miami Florida 1A 25.85° N, 80.30° W 11 
Houston Texas 2A 24.70° N, 46.80° W 612 
Phoenix Arizona 2B 30.00° N, 95.37° W 29 
Memphis Tennessee 3A 33.45° N, 111.98° W 337 
El Paso Texas 3B 35.07° N, 89.98° W 81 
San Francisco California 3C 31.77° N, 106.50° W 1186 
Baltimore Maryland 4A 37.62° N, 122.40° W 2 
Albuquerque New Mexico 4B 39.17° N, 76.68° W 45 
Salem a Oregon 4C 35.04° N, 106.62° W 1619 
Seattle b Washington 4C 44.90° N, 123.00° W 60 
Chicago a Illinois 5A 47.47° N, 122.32° W 122 
Peoria b Illinois 5A 41.98° N, 87.92° W 201 
Boise Idaho 5B 40.67° N, 89.68° W 199 
Burlington Vermont 6A 43.62° N, 116.21° W 701 
Helena Montana 6B 49.18° N, 123.17° W 2 
Duluth Minnesota 7 44.47° N, 73.15° W 101 
Fairbanks Alaska 8 46.60° N, 111.97° W 1167 
a For commercial prototypes only. 162 
b For residential prototypes only. 163 
 164 
2.2 Representative building vintages 165 
The 2012 Commercial Building Energy Consumption Survey, or CBECS (EIA 2012) and 166 
2009 Residential Energy Consumption Survey, or RECS (EIA 2009) were used to assess the age 167 
distribution of the country’s current building stock by census division (for commercial buildings) 168 
or by state (for residential buildings). In most of the U.S. (including California), 40% to 60% of 169 
the buildings were erected before 1980. The decade of 1980 was typically the next period with 170 
significant building construction. In recent years, many states have also experienced rapid 171 
construction. ESM Appendix A.2 details our analysis of the age of U.S. buildings. 172 
To represent California and U.S. building stock, this study analyses the effects of cool walls 173 
in three different building vintages: (a) new (for construction following current [2004 – 2016] 174 
building codes), (b) older (for buildings erected in the 1980s), and (c) oldest (for pre-1980 175 
buildings). In many U.S. regions, the older and oldest vintage prototypes represent about 75% of 176 
the residential building stock and 70% of the commercial building stock (ESM Appendix A.2). 177 
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2.3 Building prototypes 178 
2.3.1 Source of residential-building prototypes 179 
The United States Department of Energy (hereafter, DOE) provides through its Building 180 
Energy Codes Program (BECP) a collection of prototypes for two residential building categories: 181 
single-family home and apartment building. These prototypes were generated to evaluate the 182 
energy and economic savings available by upgrading building energy efficiency standards to the 183 
latest version of the International Energy Conservation Code (IECC). BECP provides three sets 184 
of prototypes, each following a different IECC edition (year 2006, 2009, or 2012) (PNNL 185 
2016a). BECP’s collection of residential prototypes includes versions for 199 cities across 186 
United States, covering all 15 U.S. climate zones. BECP provides variants of each residential 187 
prototype with different building foundations (slab, crawl space, heated basement, or unheated 188 
basement) and heating systems (gas furnace, oil furnace, heat pump, or electric resistance). 189 
To study cool walls in California, we selected BECP single-family home and apartment 190 
building prototypes with concrete slab foundation and gas furnace heating. These two prototypes 191 
were then modified following HVAC efficiency and building envelope insulation prescriptions 192 
in California’s Title 24, Part 6—hereafter, simply “Title 24”—building energy efficiency 193 
standards. A version of each prototype was generated for each of California’s 16 climate zones. 194 
In new construction prototypes, we set the HVAC efficiencies as well as the roof and wall 195 
insulation levels in accordance with 2016 Title 24 (CEC 2016b). Roof and wall insulation levels 196 
in older vintage prototypes were assigned following 1988 Title 24 (CEC 1988), while those in 197 
the oldest vintage were set using envelope properties typical of buildings constructed before 198 
1978—the year of the first Title 24 standards. The HVAC efficiencies of the older and oldest 199 
California residential prototypes comply with 2005 Title 24 standards (CEC 2005). California 200 
prototype HVAC efficiencies and insulation levels are further detailed in Section 2.3.4 and 201 
Section Error! Reference source not found., respectively. 202 
To study cool walls throughout the U.S., we selected BECP prototypes defined in the 15 U.S. 203 
climate zones listed in Table 2. Each prototype has a concrete slab foundation. We simulated 204 
three heating systems (gas furnace, heat pump, and electric resistance) in each U.S. climate zone. 205 
Each of the 15 cities used to represent the 15 ASHRAE climate zones is in a different U.S. state. 206 
Since the rate of IECC adoption varies by state (BCAP 2017), the prototypes selected to 207 
represent new residential buildings in each of the 15 cities follow the IECC edition currently 208 
mandated in the state containing that city (ESM Table B-1 in ESM Appendix B). 209 
Starting from these new construction prototypes, we generated the older and oldest vintage 210 
prototypes, setting roof and wall insulation levels following Huang et al. (1999) and HVAC 211 
efficiency following IECC 2006 (IECC 2006). HVAC efficiencies and insulation levels in the 212 
U.S. prototypes are further detailed in Section 2.3.4 and Section Error! Reference source not 213 
found., respectively.  214 
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ESM Table B-2 describes geometry, envelope construction, and HVAC system for each 215 
vintage of the single-family home. 216 
2.3.2 Source of commercial-building prototypes 217 
DOE, in collaboration with three national laboratories1, developed reference prototypes of 15 218 
commercial building categories that represent realistic building characteristics and construction 219 
practices in the U.S. (Deru et al. 2011). DOE produced a suite of prototypes that follows pre-220 
1980 construction practices, and another that follows ASHRAE Standard 90.1-1989. To 221 
represent new constructions, DOE has periodically released versions of their prototypes that 222 
follow more recent editions of ASHRAE 90.1 (i.e., 2004, 2007, 2010, and 2013) (PNNL 2016b). 223 
The CEC adapted the prototypes of eight of the 15 DOE commercial building categories to 224 
meet 2008 Title 24. For our California study, we modified the CEC prototypes to represent 225 
oldest, older, and new vintages in California. The insulation levels in the oldest vintage follow 226 
pre-Title 24 construction practices. In the older vintage, insulation levels comply with 1988 Title 227 
24 (CEC 1988). The HVAC efficiencies in the older and oldest vintage meet 2005 Title 24 (CEC 228 
2005). In the new vintage, insulation levels and HVAC efficiencies comply with 2016 Title 24 229 
(CEC 2016a). 230 
For our U.S. study, we selected from DOE prototypes the eight commercial building 231 
categories used in the California study. The DOE prototypes that follow pre-1980 construction 232 
practices were used to represent the oldest vintage, while those that comply with ASHRAE 90.1-233 
1989 were used to represent the older vintage. The HVAC efficiencies in the older and oldest 234 
vintage comply with ASHRAE 90.1-2001. We simulated new commercial buildings with the 235 
prototypes in each of the 15 cities that follow the ASHRAE 90.1 edition currently mandated in 236 
the state containing that city (ESM Table B-1). 237 
The geometry, envelope construction, and HVAC system are described by vintage for the 238 
medium office building (hereafter, “medium office”) and stand-alone retail store (hereafter, 239 
“stand-alone retail”) in ESM Table B-3 and ESM Table B-4 respectively.  240 
2.3.3 Building category geometry 241 
ESM Figure B-1 illustrates the 10 building prototypes simulated in this study and ESM Table 242 
B-5 summarizes the geometry of each building category. 243 
 
1 The National Renewable Energy Laboratory (NREL), Pacific Northwestern National 
Laboratory (PNNL), and Lawrence Berkeley National Laboratory (LBNL). 
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2.3.4 HVAC efficiencies 244 
An air conditioner or furnace has a service life of about 15 to 25 years, depending on how 245 
well it is maintained (Comfort-Pro 2015). Thus, we expect that HVAC systems in older and 246 
oldest vintage buildings have been replaced at least once and that current HVAC systems in 247 
these buildings can be anywhere from 0 to 25 years old. Since the age of the HVAC system in 248 
these vintages varies widely, we assume for purposes of this study that the HVAC system in an 249 
older or oldest vintage building is on average 10 years old. For such prototypes, we assigned 250 
HVAC efficiencies that comply with building codes in effect 10 to 15 years ago. 251 
For the California study, the HVAC efficiencies in the older and oldest vintage prototypes 252 
were modified to match 2005 Title 24 standards (CEC 2005), while those in all new prototypes 253 
were set to follow 2016 Title 24 standards (CEC 2016c). ESM Table B-6 specifies the air 254 
conditioner cooling coefficient of performance (COP), and the gas furnace annual fuel utilization 255 
efficiency (AFUE) or electric heat pump heating COP, assigned to each vintage and building 256 
category in California. 257 
For the U.S. study, we modified the HVAC efficiencies in the older and oldest vintage 258 
prototypes to comply with ASHRAE 90.1-2001 (ASHRAE 2001) in the commercial buildings 259 
and with IECC 2006 (IECC 2006) in the residential buildings. In new vintage prototypes, we set 260 
the HVAC efficiencies in accordance with the ASHRAE 90.1 edition currently mandated in the 261 
state containing the city simulated for each U.S. climate zone. ESM Table B-7 and ESM Table 262 
B-8 give the furnace AFUE, heat pump heating COP, and air conditioner cooling COP by 263 
vintage in the residential and commercial buildings, respectively. 264 
2.3.5 Envelope construction 265 
All residential prototypes in California and U.S. were simulated with wood-frame walls. 266 
Their roofs were simulated with a wood-frame attic (ESM Table B-10 and ESM Table B-11).  267 
In California, the envelope construction of each building category did not vary by vintage. 268 
Most commercial buildings were simulated with metal-frame walls and a metal-frame roof. The 269 
large hotel had heavy mass walls (ESM Table B-10). 270 
In the U.S., the large hotel and large office were simulated with heavy mass walls and a 271 
metal-frame roof in all vintages. Each medium office and strip mall retail building was modeled 272 
with metal-frame walls and a metal-frame roof. The envelope construction of the small office 273 
building, fast-food restaurant, stand-alone retail, and sit-down restaurant varied by vintage (ESM 274 
Table B-11). For example, the oldest stand-alone retail was modeled with metal-frame walls, 275 
while the older and new vintage were modeled with heavy mass walls. 276 
ESM Appendix B reports additional construction properties for each of the 10 prototypes. 277 
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2.3.6 Envelope insulation 278 
EnergyPlus models each envelope assembly (e.g., roof or wall) as a series of spatially 279 
uniform layers. We represent each insulated frame (roof joists or wall studs with cavity 280 
insulation) as a layer of continuous insulation with thermal resistance equal to that of the 281 
insulated frame. Parallel-path calculation of the equivalent thermal resistance Re of an insulated 282 
frame is detailed in ESM Appendix C. 283 
2.3.7 Thermostat schedule 284 
ESM Appendix B.3 describes the thermostat schedules used in our California and U.S. 285 
simulations in all vintages for the single-family home, medium office, large office, and stand-286 
alone retail. 287 
2.4 Building energy simulation 288 
2.4.1 Simulation tools 289 
All simulations were performed with EnergyPlus (EnergyPlus 2003), a program designed to 290 
model the energy uses of a building, including those for cooling, heating, and ventilation. We 291 
used jEPlus (jEPlus 2015), a parametric EnergyPlus simulation manager, to vary wall albedo, 292 
roof albedo, and building orientation. All simulations were run on the jEPlus Simulation Server, 293 
or JESS, cloud service (JESS 2015). 294 
2.4.2 Parametric analysis 295 
For California, we developed 96 residential building prototypes (2 building categories × 16 296 
California climate zones × 3 vintages) and 384 commercial building prototypes (8 building 297 
categories × 16 California climate zones × 3 vintages). Similarly, we developed 270 residential 298 
building prototypes (2 building categories × 3 heating systems × 15 U.S. climate zones × 3 299 
vintages) and 360 commercial building prototypes (8 building categories × 15 U.S. climate zones 300 
× 3 vintages) for the United States.  301 
Each building prototype was modeled without considering shading or reflection by 302 
neighboring structures or trees. We parametrically varied wall and roof albedos to assess changes 303 
in annual building cooling, heating, and fan energy consumptions. We simulated the following 304 
scenarios for each building category, climate zone, and vintage:  305 
(a) Base case: base wall albedo 0.25, and base roof albedo 0.10 (residential) or 0.20 306 
(commercial). These base values represent albedos typical of walls and roofs in existing 307 
buildings. 308 
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(b) Modified wall cases: a series of alternate albedos (0.10, 0.40, and 0.60) for the modified 309 
walls, leaving roof albedo unchanged. This was done for each of the 15 wall 310 
combinations in Table 3. 311 
(c) Modified roof cases: a series of alternate albedos for the roof, leaving wall albedo 312 
unchanged. In residential prototypes, the alternate albedos for the roof were 0.25, 0.40, 313 
and 0.60; in commercial prototypes, they were 0.10, 0.25, 0.40, and 0.60. 314 
Each scenario was simulated once with the building’s long axis oriented east-west and again 315 
with it oriented north-south. Thus, for a given location and vintage there were 98 simulations per 316 
residential prototype [(1 base case + 3 alternative roof albedos + 3 alternative wall albedos × 15 317 
wall combinations) × 2 building orientations] and 100 simulations per commercial prototype [(1 318 
base case + 4 alternative roof albedos + 3 alternative wall albedos × 15 wall combinations) × 2 319 
building orientations]. 320 
Table 3. List of simulated wall combinations, taken 1, 2, 3, or 4 walls at a time. 321 
Number of walls 
modified 
Possible wall combinations 
1 North (N), East (E), South (S), West (W) 
2 NE, ES, EW, NS, NW, SW 
3 NES, NEW, ESW, NSW 
4 NESW 
Therefore, in California there were 96 residential prototypes × 98 simulations per residential 322 
prototype = 9,408 residential simulations, and 384 commercial prototypes × 100 simulations per 323 
commercial prototype = 38,400 commercial simulations, for a total of 47,808 California 324 
simulations. For the U.S. there were 270 residential prototypes × 98 simulations per residential 325 
prototype = 26,460 residential simulations, and 360 commercial prototypes × 100 simulations 326 
per commercial prototype = 36,000 commercial simulations, for a total of 62,460 U.S. 327 
simulations. 328 
2.4.3 Weather files 329 
ESM Appendix A.3 describes the weather files used in the California and U.S. simulations. 330 
2.5 Degree days and annual solar radiation 331 
Cooling degree days at 18°C (CDD18C) and heating degree days at 18°C (HDD18C) can be 332 
used to predict cooling load and heating load, respectively (EIA 2017). Cool-surface energy 333 
savings also depend on solar radiation since changes in cooling and heating loads induced by 334 
raising albedo are proportional to incident sunlight. Section 3.2 shows annual CDD18C, annual 335 
HDD18C, and annual global horizontal solar radiation computed from the weather files used in 336 
the California and U.S. simulations. 337 
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Note that in this study the term “solar radiation” always means solar energy per unit area. 338 
2.6 Monthly and seasonal daily solar radiation by surface 339 
To understand how daily solar radiation varies by location, season, and orientation, the 340 
PVWatts Calculator (NREL 2017) was used to compute for each California and U.S. 341 
representative city the monthly and seasonal average values of daily solar radiation  incident on a 342 
horizontal roof or on a north, east, south, or west exterior wall. We will refer to these five 343 
exterior envelope surfaces—roof, north wall, east wall, south wall, and west wall—as building 344 
“facets”.  345 
ESM Appendix D details for each simulated location in California and U.S. the monthly and 346 
seasonal daily solar radiation intercepted by the five facets. ESM Appendix D also shows for 347 
each facet the ratio of daily solar radiation received in winter to that received in summer. 348 
2.7 Energy, peak power, pollution, and energy cost savings 349 
2.7.1 Site energy savings 350 
Consider a building prototype representing a building category, vintage, and location 351 
simulated with a given orientation (long axis north-south or east-west). Let 𝐸𝐸c, 𝐸𝐸h, and 𝐸𝐸f 352 
represent annual whole-building cooling, heating, and fan site electricity uses, and let 𝐺𝐺h 353 
represent annual whole-building heating site natural gas—hereafter, simply “gas”—use, each 354 
term evaluated in the base case (i.e., with wall and roof albedos set to prototype-specific base 355 
values).  When the albedo of the roof or the albedo of one or more walls is raised to an alternate 356 
value, the annual whole-building cooling site electricity savings (𝑒𝑒c), heating site electricity 357 
penalty (𝑒𝑒h), fan site electricity savings (𝑒𝑒f), and heating site gas penalty (𝑔𝑔h) are calculated 358 
respectively as  359 
 𝑒𝑒c = 𝐸𝐸c,base − 𝐸𝐸c,alternate , (1) 
 𝑒𝑒h = 𝐸𝐸h,alternate − 𝐸𝐸h,base , (2) 
 𝑒𝑒f = 𝐸𝐸f,base − 𝐸𝐸f,alternate , (3) 
and  360 
 𝑔𝑔h = 𝐺𝐺h,alternate − 𝐺𝐺h,base , (4) 
where the subscript “alternate” refers to one of the alternate cases of a prototype (see Section 361 
2.4.2) and the subscript “base” refers to the base case of the same prototype. 362 
15 
 
2.7.2 Source energy savings 363 
The annual whole-building HVAC (heating + fan + cooling) source energy savings is 364 
calculated as 365 
 ℎHVAC = 𝑠𝑠e  ×  (𝑒𝑒c + 𝑒𝑒f − 𝑒𝑒h) − 𝑠𝑠g × 𝑔𝑔h , (5) 
where 𝑠𝑠e is a state-specific site-to-source conversion factor for electricity and 𝑠𝑠g is a non-366 
regional site-to-source conversion factor for natural gas. These site-to-source conversion factors 367 
(ESM Table E-1 in ESM Appendix E) were obtained from the Source Energy and Emissions 368 
Analysis Tool, or SEEAT (GTI 2017). The tool uses current and previous eGRID databases2 to 369 
determine state-specific rates of source energy consumption, greenhouse gas (GHG) emission, 370 
and criteria air pollutant emission per unit site electricity or site fuel (natural gas, oil, or propane) 371 
used. (Hereafter we will refer to both greenhouse gases and criteria air pollutants simply as 372 
“pollutants”.) The electricity factors incorporate transmission losses and the gas factors include 373 
distribution losses. 374 
2.7.3 HVAC peak power demand reduction 375 
In this study, we define peak-demand hours as those between 12:00 and 18:00 local time 376 
(LT) on weekdays (Monday to Friday), June through September. For any given peak-demand 377 
hour i, the whole-building site HVAC peak power demand reduction is calculated as  378 
 𝑑𝑑HVAC,i =  �𝑒𝑒c,i + 𝑒𝑒f,i − 𝑒𝑒h,i�1 hour , (6) 
where 𝑒𝑒c,i , 𝑒𝑒f,i , R and 𝑒𝑒h,i are the peak-demand hour whole-building site cooling energy savings, fan 379 
energy savings, and electric heating energy penalty, respectively. Let T be the number of peak-380 
demand hours in a year. The annual-average HVAC peak power demand reduction, 𝑑𝑑HVAC,annual, 381 
is calculated by averaging the HVAC power demand over all annual peak-demand hours: 382 
 𝑑𝑑HVAC,annual = ∑  𝑑𝑑HVAC,i𝑇𝑇𝑖𝑖=1 𝑇𝑇 . (7) 
 383 
2.7.4 Emission savings 384 
The annual whole-building reduction in emission of pollutant a is calculated as 385 
 𝑝𝑝a = 𝑓𝑓e,a  ×  (𝑒𝑒c + 𝑒𝑒f − 𝑒𝑒h) − 𝑓𝑓g,a  ×  𝑔𝑔h , (8) 
 
2 The Emissions & Generation Resource Integrated Database (eGRID) is a data source that 
provides characteristics (e.g., net generation, emission rates, and resource mix) of nearly all 
electric power generated in the United States (eGRID 2014). 
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where site electricity emission factor 𝑓𝑓e,a is the mass of pollutant emitted by power plants per unit 386 
of site electricity consumed, and site gas emission factor 𝑓𝑓g,a is the mass of pollutant emitted by 387 
the building’s furnace per unit of site gas consumed. This study considers reductions in emission 388 
of carbon dioxide (CO2), carbon dioxide equivalent3 (CO2e), nitrogen oxides (NOx), and sulfur 389 
dioxide (SO2). The emission factors of these four pollutants are listed in ESM Table E-2 (for site 390 
electricity) and in ESM Table E-3 (for site gas). These emission factors were also obtained from 391 
SEEAT and incorporate transmission and distribution losses. 392 
2.7.5 Energy cost savings 393 
Annual whole-building HVAC energy cost savings are calculated as 394 
 𝑐𝑐 = 𝑧𝑧e  ×  (𝑒𝑒c + 𝑒𝑒f − 𝑒𝑒h) − 𝑧𝑧g  ×  𝑔𝑔h , (9) 
where 𝑧𝑧e and 𝑧𝑧g are the state-specific annual average prices of electricity and gas, respectively. 395 
These prices are also dependent on type of building (residential or commercial). The annual 396 
average electricity and gas prices used in the study are reported in ESM Table E-4. These values 397 
are the state-average prices charged to residential and commercial customers in 2015 (EIA 398 
2016a, EIA 2016b). 399 
2.7.6 Savings intensity 400 
The intensity (rate per unit of modified surface area) of site energy, source energy, emission, 401 
or energy cost savings j is calculated as  402 
 𝑗𝑗″ = 𝑗𝑗 𝐴𝐴m⁄  , (10) 
where 𝐴𝐴m is the total surface area modified. For example, if the east and west walls were 403 
modified, 𝐴𝐴m is the sum of the east and west net wall areas. 404 
2.7.7 Mean savings and savings intensity over two building orientations 405 
Each savings or savings intensity calculated using Eqs. (1) through (10) is for a single 406 
building orientation (long axis east-west or north-south). Two-orientation mean savings are 407 
calculated as  408 
 𝑗𝑗mean = (𝑗𝑗EW + 𝑗𝑗NS) 2⁄  , (11) 
 
3 Carbon dioxide equivalent (CO2e) is a measure that allows for greenhouse gas emissions other 
than CO2 to be expressed in terms of CO2 based on their global warming potential (GWP) 
relative to CO2. Thus, emissions expressed as CO2e represent the GWP of all greenhouse gases 
expressed in terms of CO2 (SBT 2017). 
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where EW and NS refer to the long axis of the building running east-west and north-south, 409 
respectively. Two-orientation mean savings intensity is calculated as 410 
 jmean″ = (𝑗𝑗EW + 𝑗𝑗NS) (𝐴𝐴m,EW + 𝐴𝐴m,NS)⁄ . (12) 
2.8  Savings database 411 
For each prototype and building orientation, the simulations included the base case, modified 412 
wall cases, and modified roof cases described in Section 2.4.2. These simulations were used to 413 
calculate for each prototype the annual whole-building savings in site energy, source energy, 414 
emission, energy cost, and site HVAC peak power demand using Eqs. (1) to (9). All saving 415 
intensities were calculated using Eq. (10). Savings and savings intensities averaged over the two 416 
building orientations were computed using Eqs. (11) and (12), respectively.  417 
Savings and savings intensities for every simulated prototype were compiled in a database 418 
that is detailed in ESM Appendix F and provided as a comma-separated values file in the 419 
electronic supplementary material. 420 
3 Results 421 
3.1 Overview 422 
We focus on a subset of the California and U.S. simulations to evaluate the effects of raising 423 
wall albedo. We use the single-family home to represent residential buildings, and the medium 424 
office building and stand-alone retail store to represent commercial buildings.  425 
Cool roofing products for pitched roofs on homes (e.g., concrete tiles, clay tiles, and high-426 
performance asphalt shingles) are typically rated with an aged albedo around 0.40, while cool 427 
roofing products for low-slope roofs on commercial buildings are typically rated with an aged 428 
albedo of at least 0.60 (Sleiman et al. 2011). In the case of walls, an aged albedo of at least 0.60 429 
can be currently obtained with light-colored paints (Chen et al. 2018). We assume that a 430 
conventional residential roofing product (e.g., a dark asphalt shingle) has an aged albedo of 431 
about 0.10; that a conventional commercial roofing product (e.g., a dark-gray membrane) has an 432 
aged albedo of about 0.20; and that a conventional wall coating (e.g., a dark to medium color 433 
paint) has an aged albedo of about 0.25. Thus, in these case studies, we present cool-wall savings 434 
from increasing wall albedo by 0.35 (to 0.60 from 0.25) in both residential and commercial 435 
buildings, and cool-roof savings from increasing roof albedo by 0.30 (to 0.40 from 0.10) in 436 
residential buildings and by 0.40 (to 0.60 from 0.20) in commercial buildings. 437 
We compare cool-wall savings to those provided by cool roofs, and explore how the cool-438 
wall savings vary by building location, building vintage, and combination of walls modified. 439 
Finally, we investigate whether the sum of savings from walls modified one at a time equals the 440 
savings from modifying the same set of walls simultaneously. 441 
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All savings and penalties shown here average values from the two building orientations (long 442 
axis east-west or north-south). Values by orientation are available in the savings database. 443 
3.2 Degree days and annual solar radiation 444 
Figure 1 and Figure 2 show CDD18C, HDD18C, and annual global horizontal solar radiation 445 
calculated from the weather files used in the California and U.S. simulations. 446 
In California (Figure 1), the warmest climate zone is CACZ15 (Imperial; 2,700 CDD18C), 447 
which represents the state’s southeastern deserts. California climate zones located in the state’s 448 
Central Valley (CACZs 11, 12, 13, and 14) have warm summers as well as cool winters. The 449 
coastal climates zones (CACZs 1, 2, 3, and 5) have cool climates and have high HDD18C. The 450 
coldest climate zone is CACZ 16 (Mount Shasta; 3,400 HDD18C), which represents the 451 
mountainous regions of the state. 452 
California has limited variation in annual global horizontal solar radiation, ranging from 1.45 453 
MWh/m² (Arcata; CACZ 1) to 2.1 MWh/m² (China Lake; CACZ 14). 454 
 455 
 
Figure 1. Cooling degree days at 18 °C (CDD18C), heating degree days at 18 °C (HDD18C), and annual 456 
global horizontal solar radiation by California climate zone, computed from CZ2010 weather files. 457 
In the U.S. (Figure 2) the U.S. climate zone with the most CDD18C is 2B (Phoenix; 2,800 458 
CDD18C) followed by USCZ 1A (Miami; 2,500 CDD18C). All U.S. climate zones from 3C 459 
onward had fewer than 1,000 CDD18C. HDD18C increased with U.S. climate zone number, 460 
ranging from 140 HDD18C (Miami; USCZ 1A) to 7,200 HDD18C (Fairbanks; USCZ 8).  461 
USCZs 3B (El Paso) and 4B (Albuquerque) receive the most sunlight, getting nearly 2.1 462 
MWh/m² annually. USCZ 8 (Fairbanks) receives the least sunlight (0.95 MWh/m²). 463 
 464 
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Figure 2. Cooling degree days at 18°C (CDD18C), heating degree days at 18°C (HDD18C), and annual 465 
global horizontal solar radiation by United States climate zone, computed from TMY3 weather files. 466 
Superscripts a and b designate weather files used in the current study for residential or commercial 467 
prototypes, respectively. 468 
3.3 Cooling, heating, fan, and HVAC source energy savings 469 
intensities by climate zone and facet in the new single-family 470 
home 471 
The single-family home is the most common building type in California and the U.S., and 472 
has the most floor area nationwide (Section 6.7.5 in Rosado 2016). The current section reports 473 
the annual source energy cooling, fan, and HVAC savings intensity and heating penalty intensity 474 
in the new single-family home by California and U.S. climate zone upon individually increasing 475 
by 0.35 (to 0.60 from 0.25) the albedo of the north, east, south, or west wall, or increasing by 476 
0.30 (to 0.40 from 0.10) the albedo of the roof. Similar trends were observed for savings in the 477 
older and oldest single-family homes.  478 
3.3.1 California savings intensities by climate zone 479 
Figure 3 shows annual source energy cooling savings intensity, heating penalty intensity, fan 480 
savings intensity, and HVAC savings intensity for the new single-family home in California.  481 
In every California climate zone, raising wall or roof albedo reduced cooling and fan energy 482 
uses and increased heating energy use. However, each facet (wall or roof) yielded cooling plus 483 
fan savings that exceeded the heating penalty, producing HVAC savings in every California 484 
climate zone. CACZs 1 (Arcata) and 16 (Mount Shasta) had the smallest HVAC savings 485 
intensities. Arcata exhibited the smallest cooling savings intensities and had the fewest cooling 486 
degree days (8 CDD18C). Arcata (2,700 HDD18C) and Mount Shasta (nearly 3,400 HDD18C) 487 
had the most heating degree days and large heating penalty intensities.  488 
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The greatest HVAC savings intensities were in CACZs 6 (Long Beach), 7 (San Diego), and 489 
15 (Imperial). The first two (CACZs 6 and 7) had few CDD18C and HDD18C compared to the 490 
other California locations. However, low requirements for roof and wall insulation in the single-491 
family home helped make HVAC savings intensities in CACZs 6 and 7 larger than those in other 492 
California climate zones. Specifically, the new single-family prototypes in CACZs 6 and 7 were 493 
simulated with less wall insulation than in all other CACZs; the wall-assembly thermal 494 
resistance—hereafter, simply “wall thermal resistance”—in CACZs 6 and 7 was R-15.4 (15.4 495 
h·ft²·°F/BTU) or RSI-2.71 (2.71 m²·K/W) (ESM Table C-2), which is 79% of the R-19.6 (RSI-496 
3.45) value that was used in all other CACZs (R-15.4 / R-19.6 = 79%). The roof-assembly 497 
thermal resistance —hereafter, simply “roof thermal resistance”—in CACZs 6 and 7 was R-30.3 498 
(RSI-5.34) (ESM Table C-3), or 66% of the R-46.2 (RSI-8.14) value used in many other CACZs 499 
(4, 8-16). 500 
The third location (CACZ 15) had the most CDD18C (2,650) and fewest HDD18C (740); it 501 
is also one of the most sunlit places in California (Figure 2). Its warm and sunny climate 502 
contributed to high HVAC savings intensities.  503 
3.3.2 California savings intensities by facet 504 
Changes in HVAC energy use are proportional to changes in heat conducted through the 505 
building envelope, which in turn scale with changes in wall solar heat gain. Wall solar heat gain 506 
depends on wall direction. Thus, all else being equal, we expect the modified wall that receives 507 
the most solar radiation to yield the greatest changes in HVAC energy use intensity.4 508 
Of all four walls, the north wall yielded in all California climate zones the lowest annual 509 
cooling and fan source energy savings intensities (Figure 3a,c) because it received the least solar 510 
radiation. For example, consider CACZ 13 (Fresno), in which the north wall provided cooling 511 
savings intensity 9.5 MJ/m², or 42% of that of the east wall (22.5 MJ/m²). ESM Table D-17 512 
indicates that the summer daily solar radiation on the north wall is 1.89 kWh/m², which is 44% 513 
of that on the east wall (4.33 kWh/m²). During winter, the north wall again receives the least 514 
sunlight, yielding the smallest heating penalty intensity (Figure 3b). 515 
In all California climate zones, the annual cooling and fan source energy savings intensities 516 
from the roof were generally as small as those from the north wall. The roof and north-wall 517 
savings intensities were in turn smaller than those of the east, south, and west walls. However, 518 
the roof (if assumed to be horizontal) was the facet that received the most summer daily solar 519 
radiation (ESM Tables D-5 to D-20). The key is that the thermal resistance of the wall is less 520 
than half that of the roof. For example, in CACZs 4 and 8-16, the thermal resistance of the wall 521 
 
4 In some prototypes and locations, the east wall yielded the greatest changes in HVAC energy 
use while the west wall received the most sunlight. We do not have a clear explanation for this 
phenomenon.  
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is R-19.6 (RSI-3.45), or 42% of the roof thermal resistance in these climate zones (ESM Table 522 
C-4). 523 
Heating penalty intensities of the roof were once again smaller than those of the east, south, 524 
and west walls, and similar to those of the north wall. 525 
The wall that receives the most daily solar radiation in summer is the west wall, followed by 526 
the east wall (ESM Table D-1). However, in many California climate zones the south wall 527 
yielded the greatest cooling and fan savings intensities. In the remaining California climate 528 
zones, the greatest cooling and fan energy savings intensities were from the east wall. The 529 
savings intensities from the west wall were 70% to 90% of those from the east wall.  530 
In all California climate zones, the south wall received more solar radiation in winter than 531 
any of the other facets, including the roof. Thus, in all locations, the south wall yielded heating 532 
penalty intensities greater than those from any of the other surfaces (ESM Table D-3). In most 533 
locations, the south wall received more sunlight during winter than in summer; in some, the 534 
south wall’s heating penalty was near as large as its cooling savings. The facet yielding the 535 
largest HVAC savings intensity varied by location but was usually either the east wall or south 536 
wall (Figure 3d). 537 
 538 
(a) 
 
(b) 
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(c) 
 
(d) 
 
Figure 3. Annual source energy savings and penalty intensities of the new single-family home by facet 539 
and California climate zone. The plots show intensities of (a) cooling savings, (b) heating penalties, (c) 540 
fan savings, and (d) HVAC savings. 541 
3.3.3 U.S. savings intensities by climate zone 542 
First, note that in the new single-family home, the wall thermal resistance in USCZs 1A, 2A, 543 
2B, 3A, and 4B was R-11.5 (RSI-2.03) (ESM Table C-5), or 71% of the R-16.3 (RSI-2.87) value 544 
that was used in all other U.S. climate zones. The roof thermal resistance in USCZs 1A, 2B, and 545 
3A was R-27.6 (ESM Table C-6), which is 85% of the R-32.4 (RSI-5.71) that was used in 546 
USCZs 2A, 3B, 3C, 4B, and 5B or 73% of the R-37.6 (RSI-6.62) that was used in USCZs 4A, 547 
4C, 5A, 6A, 6B, 7, and 8. 548 
Figure 4 shows annual source energy cooling savings intensity, heating penalty intensity, fan 549 
savings intensity, and HVAC savings intensity for the new single-family home in the U.S. In 550 
every U.S. climate zone, raising wall or roof albedo reduced cooling and fan energy uses (Figure 551 
4a,b) and increased heating energy use (Figure 4b). However, 9 out of 15 U.S. climate zones 552 
(USCZs 1A, 2A, 2B, 3A, 3B, 3C, 4A, 4B and 5A) experienced annual HVAC source energy 553 
savings from each of the five facets (Figure 4d). Among these nine U.S. climate zones, USCZ 2B 554 
(Phoenix) benefited the most from cool walls and cool roofs, attaining significantly greater 555 
HVAC savings intensities than all others. USCZ 2B had the most CDD18C (2,800), received the 556 
most solar radiation, and had few HDD18C (700). It was also one of the locations with the 557 
lowest wall and roof thermal resistances. USCZ 1A (Miami) had the second largest HVAC 558 
savings; it had many CDD18C (2,500) and the fewest HDD18C (100) (Figure 2). Wall and roof 559 
thermal resistances in Miami were as low as those in Phoenix. Within these nine U.S. climate 560 
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zones, USCZ 5A (Peoria) had the smallest HVAC savings; its ratio of HDD18C to CDD18C was 561 
about 5, and its wall and roof thermal resistances were higher than in the remaining eight 562 
USCZs. USCZs 4C (Seattle), 5B (Boise), and 6A (Burlington) received small HVAC savings 563 
from some facets and HVAC penalties from the other facets. USCZs 6B (Helena), 7 (Duluth), 564 
and 8 (Fairbanks) experienced HVAC penalties from all five facets (Figure 4d). All these USCZs 565 
with HVAC penalties had significantly more HDD18C than CDD18C. Fairbanks, AK (USCZ 8) 566 
had the fewest CDD18C (50) and the most HDD18C (7,100). Still, USCZ 8 experienced HVAC 567 
penalties very similar to those in USCZ 6B (Helena), which had 42% fewer HDD18C (4,150). 568 
However, the magnitudes of all HVAC savings and penalties in USCZs 4C, 5B, 6A, 6B, 7, and 8 569 
were half or less than those in USCZs 1A (Miami), 2B (Phoenix), 3A (Memphis), and 3B (El 570 
Paso) (Figure 4d).  571 
3.3.4 U.S. savings intensities by facet 572 
Of the four walls, the north yielded in all U.S. climate zones the lowest cooling and fan 573 
savings intensities (Figure 4a,c) because it received the least solar radiation. For example, let us 574 
consider USCZ 2B (Phoenix), in which the north wall provided annual cooling source energy 575 
savings intensity 30 MJ/m², or 41% of that from the east wall (68 MJ/m²). ESM Table D-23 576 
indicates that the summer daily solar radiation on the north wall was 1.95 kWh/m², which is 47% 577 
of that on the east wall (4.13 kWh/m²). During winter, the north wall again received the least 578 
solar radiation, leading to the smallest heating penalty intensity (Figure 4b). 579 
The cooling savings intensities from the roof were never greater than those from any of the 580 
four walls, and in most cases were less than those from the east, south, and west walls. However, 581 
in all U.S. climate zones, the roof (if assumed to be horizontal) was the facet that received the 582 
most summer daily solar radiation (ESM Tables D-21 to D-37). The key again is that the thermal 583 
resistance of the roof is at least twice that of the wall. For example, in USCZs 1A, 3B, and 3A, 584 
the thermal resistance of the wall is R-11.5 (RSI-2.03), which is 42% of the roof thermal 585 
resistance in these locations (ESM Table C-7). The heating penalty intensity from the roof was 586 
also smaller than those from the east, south, and west walls, and slightly greater than those from 587 
the north wall. 588 
The wall that received the most daily solar radiation in summer varied by U.S. climate zone, 589 
but was either east or west (ESM Table D-2). In some locations, the south wall yielded the 590 
greatest cooling savings intensity; in the rest, it was the east or west wall. Cooling savings 591 
intensities from the east, south, and west walls were very similar in all locations. 592 
In all U.S. climate zones, the south wall received more solar radiation during winter than any 593 
of the other facets, including the roof (ESM Table D-2). Thus, in all locations the south wall 594 
yielded heating penalty intensities greater than those from any of the other facets (Figure 4b).  595 
In most U.S. locations, the south wall received at least as much daily solar radiation in winter 596 
as in summer (ESM Table D-4). Additionally, from USCZ 4C onward, each location had 597 
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significantly more HDD18C than CDD18C. Thus in cold climates the south wall’s heating 598 
penalty intensity was up to twice its cooling savings intensity (Figure 4a,b). 599 
 600 
(a) 
 
(b) 
 
(c) 
 
(d) 
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Figure 4. Annual source energy savings and penalty intensities of the new single-family home by U.S. 601 
climate zone. The plots show intensities of (a) cooling savings, (b) heating penalties, (c) fan savings, and 602 
(d) HVAC savings. 603 
3.4 HVAC savings by vintage and climate zone in the single-604 
family home, medium office building, and stand-alone retail 605 
store 606 
This section details annual HVAC source energy savings for the single-family home, 607 
medium office, and stand-alone retail5 upon (a) increasing the albedo of all four walls 608 
simultaneously by 0.35 (to 0.60 from 0.25) or (b) increasing the albedo of the roof to 0.40 from 609 
0.10 (single-family home) or to 0.60 from 0.20 (medium office and stand-alone retail). Each 610 
metric is compared by vintage and by climate zone. Analogous HVAC energy cost, CO2e, NOx, 611 
SO2, and peak power demand savings are summarized here and detailed in ESM Appendix G. 612 
3.4.1 California HVAC source energy savings 613 
Figure 5 shows annual HVAC source energy savings intensity by vintage and by California 614 
climate zone for the single-family home (Figure 5a), medium office (Figure 5b), and stand-alone 615 
retail (Figure 5c). 616 
In the single-family home (Figure 5a) the increase in roof albedo (0.30) was 86% of that in 617 
wall albedo (0.35). In each vintage, the thermal resistance of the roof was much greater than that 618 
of the wall; the ratio (roof to wall) was 2.7 in the older and oldest vintages and 1.5 – 2.4 in the 619 
new vintage (ESM Table C-4). Differences between roof and wall thermal resistances help 620 
explain why the cool-wall savings intensity was often at least twice that from a cool roof. 621 
In the single-family home (Figure 5a), the thermal resistance of the wall in the new vintage 622 
was 3.4 times that in the oldest vintage, while the cooling efficiency in the new vintage was 1.4 623 
times that in the oldest vintage. If the heating penalty is small compared to the cooling savings 624 
we would expect the cool-wall HVAC savings intensity in the oldest single-family home to be 625 
about 3.4 × 1.4 = 4.8 times that of the new home. This estimate matches well with what we 626 
observe in Figure 5a and report in ESM Table G-1, where the cool-wall savings intensity in the 627 
oldest vintage was about 5 times that in the new vintage. The HVAC savings intensity in the 628 
older single-family home was about 2.5 times that in the new single-family home (ESM Table G-629 
2).   630 
 
5 We have omitted all results for the new stand-alone retail building in USCZ 1A (Miami) 
because modifying the albedo of its rear wall yielded unrealistically large changes in annual fan 
energy use. 
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The medium-office savings (Figure 5b) were based on increasing the wall albedo by 0.35 (to 631 
0.60 from 0.25) or increasing the roof albedo by 0.40 (to 0.60 from 0.20). Thus, the increase in 632 
roof albedo was 14% greater than the increase in wall albedo. The thermal resistance of the roof 633 
in the oldest medium office was 1.2 – 1.4 times that of the wall in CACZs 2–5 and 8–13, but 2.0 634 
– 2.6 times that of the wall in the remaining CACZs (1, 6–7, and 14–16) (ESM Table C-4). In 635 
these California climate zones with a high ratio of roof thermal resistance to wall thermal 636 
resistance, the cool-wall savings intensity exceeded that from a cool roof (Figure 5b). 637 
In the medium office (Figure 5b), the new vintage to oldest vintage ratio of wall thermal 638 
resistance varies by location but ranges from 3.8 to 6.4. Additionally, the cooling efficiency in 639 
the new vintage was only 1.1 times that in the oldest vintage. Thus, we would expect the cool-640 
wall savings intensity in the oldest single-family home to be between 4.2 (3.8 × 1.1) and 7.0 (6.4 641 
× 1.1) times that of the new medium office. This estimate matches well with what we observe in 642 
Figure 5a and report in ESM Table G-1, where the cool-wall savings intensity in the oldest 643 
vintage was on average 5.2 times that in the new vintage. The cool-wall savings intensity in the 644 
older medium office was on average 2.0 times that in the new medium office (ESM Table G-2).   645 
In the stand-alone retail, the cool-wall savings intensity throughout California in the oldest 646 
vintage was on average 5.8 times that in the new vintage (Figure 5c; ESM Table G-1), while the 647 
cool-wall savings intensity in the older vintage was on average 2.6 times that in the new vintage 648 
(Figure 5c; ESM Table G-2). The oldest-to-new and older-to-new savings intensity ratios for the 649 
stand-alone retail were greater than those for the medium office even though the wall thermal 650 
resistances in the stand-alone retail and medium office were very similar (identical in most 651 
cases). That is because the air conditioner efficiency in the stand-alone retail increased 23% (to 652 
3.49 from 2.84) between the old vintages (i.e., oldest and older) and the new vintage, while the 653 
corresponding increase in the medium office was only 5.0% (to 3.96 from 3.78) (ESM Table B-654 
7). 655 
 656 
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Figure 5. Annual HVAC source energy savings intensity by vintage and by California climate zone for the 657 
(a) single-family home, (b) medium office, and (c) stand-alone retail. The plots compare the savings 658 
intensity from increasing the albedo of all walls by 0.35 to that from increasing the roof albedo by 0.30 659 
(residential) or 0.40 (commercial).  660 
The fractional savings (ratio of absolute savings to base value) in energy, energy cost, and 661 
emissions were influenced not only by the absolute savings but also by the energy consumed in 662 
the base case. When comparing cool walls to a cool roof, the differences in fractional savings 663 
were driven by the envelope characteristics (e.g., differences in surface albedo change and in 664 
insulation) as well as by the envelope geometry (e.g., ratio of roof area to net wall area).  665 
Figure 6 shows annual HVAC source energy fractional savings by vintage and by California 666 
climate zone for the single-family home (Figure 6a), medium office (Figure 6b), and stand-alone 667 
retail (Figure 6c). For the single-family home (Figure 6a), CACZ 7 (San Diego) had the greatest 668 
cool-wall and cool-roof fractional savings in all vintages, reaching up to 25% (oldest vintage) 669 
when all walls were made cool and 8.0% (oldest vintage) when the roof was made cool. Low 670 
requirements for roof and wall insulation helped make the annual HVAC source energy savings 671 
intensity in CACZ 7 larger than that in the other CACZs. San Diego also had fewer CDD18C 672 
and HDD18C than other locations, requiring lower-than-average baseline conditioning energy 673 
consumption. CACZs 14 (China Lake) and 15 (Imperial) had the greatest annual HVAC source 674 
energy savings intensity, but lower than average annual HVAC energy fractional savings; 675 
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fractional savings in CACZs 14 and 15 were up to 12% (oldest vintage) when all walls were 676 
made cool and up to 4.0% (oldest vintage) when the roof was made cool. 677 
In the single-family home, the annual HVAC source energy savings intensity from cool walls 678 
was about 2 times that from a cool roof (Figure 5a). However, the fractional savings from the 679 
walls were 2.2 – 3.3 times that from the roof. The wall-to-roof ratio of fractional savings was 680 
greater than the corresponding ratio of savings intensity because the net wall area exceeds the 681 
roof area. From ESM Table B-6, we gather that the net wall area is 1.6 times the roof area. Thus, 682 
the ratio of wall savings intensity to roof savings intensity multiplied by the net wall-to-roof area 683 
ratio is 2 × 1.6 = 3.2. This adjusted wall-to-roof savings ratio is similar to the ratio of 2.2 to 3.5 684 
observed for HVAC fractional savings in Figure 6a. 685 
For the medium office (Figure 6b), we saw once again that CACZ 15 (Imperial), the location 686 
with highest savings intensity, yielded fractional savings that were close to the California 687 
average. Fractional savings in CACZ 15 were 3.7% (oldest vintage) when all walls were made 688 
cool and 3.0% (older and oldest vintage) when the roof was made cool. 689 
When analyzing savings intensities in the medium office (Figure 5b), we observed that in 690 
most California climate zones and vintages, the savings intensity from the roof was slightly 691 
greater than that from the walls. The roof-to-wall ratio for fractional savings (Figure 6b) was 692 
higher than that for the savings intensity, in part because the modified roof area is 1.3 times the 693 
modified net wall area. Although the medium office is three stories high, its large window area 694 
(ratio of window to gross wall area is 0.33) gives it more roof area than net wall area. 695 
In the case of stand-alone retail (Figure 6c), the roof-to-wall ratios of HVAC fractional 696 
savings were even greater than those observed in the medium office because the stand-alone 697 
retail is a single-story building with a large footprint (2,290 m²), and has more than twice as 698 
much roof area as net wall area (ratio of roof area to net wall area is 2.1) (ESM Table B-6).  699 
 700 
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Figure 6. Annual HVAC source energy fractional savings by vintage and by California climate zone for the 701 
(a) single-family home, (b) medium office, and (c) stand-alone retail. The plots compare fractional 702 
savings from increasing the albedo of all walls by 0.35 to those from increasing the roof albedo by 0.30 703 
(residential) or 0.40 (commercial). 704 
3.4.2 California HVAC energy cost, pollutant emission, and peak power demand 705 
savings 706 
ESM Appendix E provides the conversion factors used to calculate emission of air pollutants 707 
(CO2, CO2e, NOx, and SO2) (ESM Table E-2 and ESM Table E-3) and energy cost (ESM Table 708 
E-4). In the coldest climates (CACZs 1 and 16), cool walls in the single-family home and stand-709 
alone retail yielded small HVAC source energy savings but sometimes induced small increases 710 
in pollutant emissions because gas was used for heating while electricity was used for cooling. 711 
Cool walls reduced whole-building annual pollutant (CO2e, NOx, SO2) emissions by -1.5 – 24% 712 
in single-family homes, 0.3 – 3.8% in medium offices, and 0.0 – 10% in stand-alone retail stores. 713 
Whole-building peak power demand reductions were 3.0 – 43% in single-family homes, 0.6 – 714 
5.8% in medium offices, and 1.0 – 16% in stand-alone retail stores. Whole-building annual 715 
HVAC energy cost reductions were 4.0 – 27% in single-family homes, 0.5 – 3.8% in medium 716 
offices, and 0.0 – 8.5% in stand-alone retail stores.  717 
ESM Appendix G details the complete analysis of HVAC energy cost, pollutant emission, 718 
and peak power demand savings in California. 719 
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3.4.3 U.S. HVAC source energy savings 720 
First, note that in all locations except USCZ 8 (Fairbanks), the annual daily solar radiation 721 
received by the roof was 1.7 to 2.0 times the four-wall average solar radiation. 722 
Figure 7 shows annual HVAC source energy savings intensity by vintage and by U.S. climate 723 
zone for the single-family home (Figure 7a), medium office (Figure 7b), and stand-alone retail 724 
(Figure 7c). In the single-family home (Figure 7a) the increase in roof albedo (0.30) was 86% of 725 
that in wall albedo (0.35). Additionally, in each vintage, the thermal resistance of the roof was 726 
much greater than that of the wall (roof-to-wall ratio 1.7 – 3.4) (ESM Table C-7). Hence, 727 
although the solar radiation incident on the roof is about twice the four-wall average, the wall 728 
savings intensity was often comparable to the roof savings intensity. 729 
In the single-family home (Figure 7a), differences in cool-wall savings intensities between 730 
vintages are related to variations in wall thermal resistance and cooling equipment efficiency. 731 
For example, in USCZ 1A (Miami), the thermal resistance of the wall in the new vintage was 1.8 732 
times that in the oldest vintage, and the ratio of cooling equipment efficiency (new vintage to 733 
oldest vintage) was 1.3. If the heating penalty is small compared to the cooling savings we would 734 
expect the cool-wall HVAC savings intensity in the oldest single-family home to be about 1.8 × 735 
1.3 = 2.3 times that of the new home. This estimate matches well with what we observe in Figure 736 
7a, where the cool-wall savings intensity from the oldest single-family home in USCZ 1A was 737 
about 2.1 times that of the new vintage. This ratio varied by U.S. location, but on average the 738 
savings intensity in the oldest home was 3.0 times that in the new home (ESM Table G-3). The 739 
savings intensity in the older single-family home was on average 1.3 times that of the new home 740 
(ESM Table G-4). 741 
Savings in the medium office (Figure 7b) were attained by raising the wall albedo by 0.35 (to 742 
0.60 from 0.25) and by raising the roof albedo by 0.40 (to 0.60 from 0.20). Thus, the increase in 743 
roof albedo was 1.14 times that of walls. The thermal resistance of the roof in the oldest medium 744 
office was about 2.0 to 2.4 times that of the wall (ESM Table C-7). Here again, even though the 745 
roof radiation is about twice the four-wall average, the wall savings intensity typically equaled or 746 
exceeded the roof savings intensity (Figure 7b). 747 
In the medium office (Figure 7b), the thermal resistance of the wall in the new vintage was 748 
1.5 to 3.0 times that in the oldest vintage, while the cooling efficiency in the new vintage was 1.1 749 
to 1.2 times that in the oldest vintage. For example, in USCZ 2B (Phoenix) the new-to-oldest 750 
vintage ratio of wall thermal resistance was 1.9 and that of cooling equipment efficiency was 1.1. 751 
If the heating penalty is small compared to the cooling savings we would expect the savings 752 
intensity from cool walls in the oldest medium office to be 1.9 × 1.1 = 2.1 times that in the new 753 
medium office. This estimate is similar to what we observe in Figure 7b where the cool wall 754 
savings intensity from the oldest vintage was 1.8 times that of the new vintage. This ratio varied 755 
by U.S. location, but on average, the savings intensities from the oldest home were 1.5 to 8 times 756 
that of the new home in USCZs 1A – 4B and 5A, the zones experiencing positive savings in both 757 
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vintages. The savings intensity in the older medium office was on average 4.1 times that in the 758 
new medium office in those locations that yielded savings in both vintages (ESM Table G-4).   759 
In the stand-alone retail (Figure 7c), differences between cool-wall and cool-roof savings 760 
intensities stemmed from variations in albedo change, thermal resistance, and solar radiation. 761 
However, the magnitude of the savings (or penalty) intensity in the new vintage sometimes 762 
exceeded that in the oldest vintage. For example, in USCZ 2B (Phoenix), the savings intensity 763 
when all walls were made cool in the new vintage was 410 MJ/m², which is about 2.2 times that 764 
in the oldest vintage because the wall thermal resistance in the new vintage was half of that in the 765 
oldest vintage. The oldest stand-alone retail was simulated with metal frame walls, while the new 766 
stand-alone retail was simulated with heavy mass walls. In warm climates such as USCZ 2B the 767 
wall assembly in the new stand-alone retail was uninsulated heavy mass. Thus in some locations 768 
the wall thermal resistance in the new stand-alone retail was less than that in the oldest vintage. 769 
Note that the older stand-alone retail was also simulated with heavy mass walls. 770 
 771 
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Figure 7. Annual HVAC source energy savings intensity by vintage and by U.S. climate zone for the (a) 773 
single-family home, (b) medium office, and (c) stand-alone retail. The plots compare the savings 774 
intensity from increasing the albedo of all walls by 0.35 to that from increasing the roof albedo by 0.30 775 
(residential) or 0.40 (commercial).  776 
Figure 8 shows fractional savings by vintage and by U.S. climate zone for the single-family 777 
home (Figure 8a), medium office (Figure 8b), and stand-alone retail (Figure 8c). For the single-778 
family home (Figure 8a), the highest value of cool-wall fractional savings was 8.3% (oldest, 779 
USCZ 3B, El Paso), followed in descending order by 7.7% (oldest, USCZ 2B, Phoenix), 7.5% 780 
(oldest and new, USCZ 1A, Miami), and 6.7% (oldest, USCZ 2A, Houston). The highest value 781 
of cool-roof fractional savings was obtained from the oldest vintage in USCZ 3C (San 782 
Francisco), followed in descending order by the oldest vintages in USCZs 1A (Miami), 3B (El 783 
Paso), 2B (Phoenix), and 4B (Albuquerque). In U.S. climate zones 4C (Salem), 5B (Boise), 6A 784 
(Burlington), and 6B (Helena), cool walls in the oldest home yielded fractional savings of 0.5% 785 
to 2.0% while cool walls in the new home produced fractional penalties of 0.2% to 1.2%. 786 
In the single-family home, the wall-to-roof ratio of fractional savings was always greater than 787 
1.0, and often up to 2.0 (Figure 7a), because the net wall area exceeds the roof area. For example, 788 
consider the oldest home in USCZ 2B (Phoenix). The cool-wall savings intensity was about 1.4 789 
times that from the roof. From ESM Table B-6, we gather that the net wall area is 1.6 times the 790 
roof area. Thus, the ratio of cool-wall savings intensity to cool-roof savings intensity multiplied 791 
by the net wall-to-roof area ratio is 1.4 × 1.6 = 2.2, close to the ratio of about 2.3 observed for 792 
the oldest home in USCZ 2B (Figure 8a). 793 
For the medium office (Figure 8b), USCZ 2B (Phoenix) experienced the highest savings 794 
intensities for roof and walls across all vintages. However, the greatest fractional savings (4.5%) 795 
were yielded by cool walls on the oldest medium office in USCZ 3C (San Francisco). Although 796 
USCZ 3C had small HVAC source energy savings intensities for all vintages, it produced large 797 
fractional savings because base energy use was low. 798 
In most U.S. climate zones and vintages, cool-wall savings intensity slightly exceeded cool-799 
roof savings intensity in the medium office (Figure 7b). However, the roof area in the medium 800 
office exceeds the net wall area (roof area to net wall area ratio is 1.3). Since fractional savings 801 
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scale with surface area modified, those from the roof were often similar to or greater than those 802 
from the walls (Figure 8b). Cool-wall and cool-roof fractional savings in the oldest vintage 803 
exceeded than those in the older and new vintages, and were about 3.5% from USCZ 1A 804 
(Miami) to 3A (Memphis). The oldest vintage attained cool-wall and cool-roof fractional savings 805 
in all locations, but they diminished as the U.S. climate zone number increased. In the new 806 
medium office, cool walls yielded fractional savings of up to 2% in USCZs 1A (Miami) and 2B 807 
(Phoenix), but generated fractional penalties of up to 1.6% between USCZs 5B (Boise) and 7 808 
(Duluth). 809 
The roof-to-wall ratio of fractional savings in the stand-alone retail (Figure 8c) was even 810 
greater than that in the medium office because the stand-alone retail is a single-story building 811 
with a large footprint (2,290 m²), and its roof area is more than twice its net wall area (ratio is 812 
2.1) (ESM Table B-6).  813 
In the new stand-alone retail, cool walls produced fractional savings in all U.S. climate 814 
zones, with values up to 11% in USCZ 2B (Phoenix) and nearly 5.0% in USCZ 2A (Houston). 815 
The older stand-alone retail experienced fractional penalties of 1.0% in USCZ 5B (Boise) and 816 
smaller fractional penalties in USCZs 3C (San Francisco), 4C (Salem), 6A (Burlington), 6B 817 
(Helena), 7 (Duluth), and 8 (Fairbanks). 818 
  819 
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Figure 8. Annual HVAC source energy fractional savings by vintage and by U.S. climate zone for the (a) 821 
single-family home, (b) medium office, and (c) stand-alone retail. The plots compare the fractional 822 
savings from increasing the albedo of all walls by 0.35 to that from increasing the roof albedo by 0.30 823 
(residential) or 0.40 (commercial). 824 
3.4.4 U.S. HVAC energy cost, pollutant emissions, and peak power demand 825 
savings  826 
In warm U.S. climates—zones 1A (Miami, FL) through 4B (Albuquerque, NM)—cool walls 827 
reduced whole-building annual HVAC energy cost 1.8 – 8.3% in single-family homes, 0.3 – 828 
4.6% in medium offices, and 0.5 – 11% in stand-alone retail stores. Whole-building annual 829 
pollutant emission reductions in warm U.S. climates were -4.5 – 13% in single-family homes, -830 
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0.4 – 6.3% in medium offices, and -4.5 – 12% in stand-alone retail stores. Cool walls also 831 
yielded annual whole-building HVAC energy cost savings and pollutant emissions reductions in 832 
some cold U.S. climates—zones 4C (San Francisco, CA) through 7 (Duluth, MN)—for certain 833 
building categories and vintages.  834 
Across the U.S., cool walls reduced whole-building peak power demand 5.0 – 22% in single-835 
family homes, 0.4 – 4.9% in medium offices, and 0.3 – 8.2% in stand-alone retail stores. 836 
ESM Appendix G details the complete analysis of HVAC energy cost, pollutant emissions, 837 
and peak power demand savings across the U.S. 838 
4 Discussion 839 
4.1 Wall orientations yielding greatest annual HVAC source 840 
energy savings 841 
All walls within a given prototype have the same thermal resistance. If each modified wall 842 
undergoes the same albedo change, differences by orientation in savings or penalty intensities are 843 
driven by the differences in absorbed solar radiation. For example, consider a building in the 844 
northern hemisphere. In summer, the east and west walls receive the most solar radiation, 845 
followed in descending order by the south wall and north wall. Under clear skies, the south wall 846 
will receive more beam sunlight in winter than in summer because the sun is lower, the wall’s 847 
minimum beam incidence angle is smaller, and the wall is exposed to more hours of direct 848 
(beam) illumination. 849 
4.1.1 California 850 
The north wall always yielded the smallest annual cooling source energy savings intensity 851 
(hereafter, “cooling savings intensity”) and smallest annual heating source energy penalty 852 
intensity (hereafter, “heating penalty intensity”). The south wall typically generated the greatest 853 
cooling savings intensity, followed closely by the west and east walls. However, the south wall 854 
also typically yielded the highest heating penalty intensities. 855 
The wall providing the greatest annual HVAC source energy savings intensity (hereafter, 856 
“HVAC savings intensity”) varied by prototype and climate. In the commercial prototypes, it 857 
was usually the west wall, followed by the east wall. In the residential prototypes, it was usually 858 
the south wall, but, the east-, south-, and west-wall values were very similar.  859 
4.1.2 United States 860 
As in California, the north wall in the single-family home always generated the smallest 861 
cooling savings intensity and smallest heating penalty intensity, leading to the smallest annual 862 
HVAC savings or penalty intensity. Cool walls yielded cooling savings in every U.S. climate 863 
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zone. The wall orientation with the greatest cooling savings intensity varied by location, but was 864 
either the east, south, or west wall. However, these three wall orientations typically yielded 865 
similar cooling savings intensities. Cool walls induced annual heating penalties in every U.S. 866 
climate zone, but south-wall heating penalty intensities were significantly higher than those from 867 
the other walls. 868 
Each wall in the single-family home yielded annual HVAC savings from USCZ 1A (Miami) 869 
to USCZ 4B (Albuquerque). In USCZs 6B (Helena), 7 (Duluth), and 8 (Fairbanks), each wall 870 
produced an HVAC penalty or essentially no change in annual HVAC source energy use. The 871 
south wall yielded annual HVAC energy penalties from USCZ 4C (Seattle) to USCZ 8 872 
(Fairbanks). 873 
4.2  Vintages and geometries yielding greatest annual HVAC 874 
source energy savings 875 
4.2.1 California 876 
In California, the oldest vintage always yielded the greatest cool-wall savings intensity, 877 
followed by the older vintage, because walls in the older and oldest vintages were built with 878 
substantially less insulation than required in new construction. The older and oldest vintages 879 
were also simulated with HVAC efficiencies that comply with 10+ year old building codes. 880 
These older and oldest vintage buildings represent over 75% of the current residential stock and 881 
about 70% of the commercial stock in California. Cool-wall HVAC savings intensities in the 882 
new vintage prototypes were still significant and comparable to those from cool roofs.  883 
Whole-building cool-wall savings scale with net wall area and therefore with building height. 884 
Even prototypes with a large window-to-wall area ratio such as medium and large offices 885 
benefited from cool walls since these were tall multi-story buildings with large net wall areas. 886 
4.2.2 United States 887 
For most building categories in the U.S., the oldest vintage yielded the largest cool wall 888 
annual HVAC energy savings or penalty intensity. In buildings where the wall type and wall 889 
construction varied by vintage, such as stand-alone retail, the vintage yielding the greatest annual 890 
HVAC energy changes varied by U.S. climate zone.  891 
Representative cities for some U.S. climate zones are in states that mandate 10 to 13 year old 892 
building codes for new construction(ESM Table B-1). In these U.S. climate zones, the new 893 
prototypes were simulated with HVAC efficiencies comparable to those used in the older and 894 
oldest vintages. The prototypes in these U.S. climate zones were also usually assigned lower 895 
envelope thermal resistances than in the other zones. Thus in U.S. climate zones that follow 10+ 896 
year old building codes the annual HVAC source energy savings from the new vintage were 897 
often close to those from the older vintage. 898 
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4.3 Cool-wall savings versus cool-roof savings 899 
Recall that in the California and U.S. case studies, the simulated increase in wall albedo 900 
(0.35) was 0.05 (16.7%) more than that in residential roof albedo (0.30), and was 0.05 (12.5%) 901 
less than the increase in commercial roof albedo (0.40). Differences between cool-wall and cool-902 
roof energy savings intensities were in part due to these variations in albedo increase. Other 903 
differences stem from solar trends. In summer, the zenith sun is high, and on a clear day the roof 904 
receives more daily solar radiation than any of the four walls. In winter, the zenith sun is low, so 905 
the roof receives less solar radiation on a clear winter day than on a clear summer day. Also, 906 
since in the northern hemisphere the sun peaks in the south, the south wall receives more solar 907 
radiation on a clear winter day, when the beam incidence angle is small, than on a clear summer 908 
day, when the beam incidence angle is large. 909 
4.3.1 California 910 
In the older and oldest vintages of all prototypes, the east, south, and west walls yielded 911 
greater annual HVAC source energy savings intensities than did the roof. In these vintages, wall 912 
thermal resistance was significantly lower than roof thermal resistance. Hence, while in summer 913 
the roof received more daily solar radiation than any of the walls, the roof savings intensity was 914 
in some cases as small as that of the north wall, the facet that received the least solar radiation in 915 
summer. Cool wall HVAC savings intensity exceeded cool-roof savings intensity in some of new 916 
vintage prototypes.  917 
In prototypes with a large ratio of roof area to net wall area, the whole-building annual 918 
HVAC source energy savings from raising the albedo of all four walls were smaller than those 919 
from increasing roof albedo. The two retail prototypes and the sit-down restaurant had the largest 920 
ratios of roof area to net wall area, which were at least 2. In these three prototypes, the whole-921 
building savings from the four walls were smaller than those from the roof in all three vintages. 922 
Conversely, buildings with a small ratio of roof area to net wall area (e.g., the single-family 923 
home and apartment building) typically yielded whole-building wall savings that exceeded the 924 
roof savings. In the oldest vintage, the whole-building wall savings in the single-family home 925 
were up to 3.0 times those of the roof. In the new vintage, buildings with small ratio of roof area 926 
to net wall area still had whole-building wall savings that were equal to or greater than those 927 
from the roof. 928 
4.3.2 United States 929 
In all vintages, the magnitude of annual HVAC source energy changes from the east, south, 930 
and west walls always exceeded that from the roof. In locations with warm climates (USCZ 1 to 931 
USCZ 4B), the east, south, and west walls in the single-family home yielded greater annual 932 
HVAC source energy savings intensities than those from the roof; savings intensities from the 933 
roof were similar to those from the north wall. In the U.S., the ratio of roof thermal resistance to 934 
wall thermal resistance and the ratio of solar radiation intercepted by the roof to that received by 935 
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each wall also varied strongly by location. Thus, differences between east, south, or west wall 936 
HVAC savings intensities and that at the roof varied widely across the United States. In cold 937 
climates the annual HVAC source energy penalty intensities from the north, east, and west walls 938 
were similar to those from the roof. 939 
In the warm climates, raising the albedo of all four walls yielded a four-wall-average annual 940 
HVAC source energy savings intensity comparable to that from increasing roof albedo. 941 
Differences between cool-wall and cool-roof HVAC savings intensities varied by building 942 
category, vintage, and location. In cold climates [USCZs 5B (Boise) to 8 (Fairbanks)], the 943 
changes (savings or penalties) in annual HVAC source energy use intensity from the north, east, 944 
and west walls were similar to those from the roof. In these cold climates, the south wall yielded 945 
an annual HVAC source energy penalty intensity greater than that from any other facet. 946 
As in California, the ratio of whole-building savings from increasing the albedo of all four 947 
walls to those from increasing the albedo of the roof was influenced by the ratio of roof area to 948 
net wall area. For example, in prototypes with a small ratio of roof area to net wall area ratio, 949 
such as single-family homes, whole-building savings from cool walls were up to 2.5 times those 950 
from a cool roof.  951 
4.4  Modifying combinations of walls 952 
ESM Appendices H.1 and H.2 compare in California and the United States, respectively the 953 
savings from modifying a group of walls simultaneously to the sum of the savings from 954 
modifying the walls one at a time.  955 
While the annual cooling savings were usually additive, the annual heating penalties and fan 956 
savings were sometimes non-additive. We delved into a few analyses that considered (a) auto-957 
sized versus fixed-size HVAC systems and (b) hourly energy uses of each HVAC component. 958 
The additive tests indicate that it is worth exploring further this matter, since for most 959 
prototypes and in most locations, annual HVAC energy savings were close to being fully 960 
additive. If savings from individual walls are in fact additive, this will simplify estimation of 961 
cool wall savings for any of the 15 possible wall combinations.  962 
5 Conclusions and recommendations 963 
This paper presents an exhaustive study of the effects of cool walls in individual buildings in 964 
all California and U.S. climate zones. The work investigated how cool walls may lead to changes 965 
in site energy use, source energy use, energy cost, pollutant emissions, and HVAC peak power 966 
demand. As we expected, the magnitude of savings and penalties from cool walls depends on 967 
key factors including climate, wall construction, wall orientation, building orientation, and 968 
HVAC efficiency. The influence of each of these factors on cool-wall savings and penalties was 969 
investigated by simulating (a) 31 different climate zones across California and U.S.; (b) 3 970 
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different building vintages (oldest, older, and new) that followed building codes adopted in each 971 
location and vintage; (c) 15 different wall combinations; and (d) 2 different building orientations. 972 
5.1 California 973 
Cool walls yielded annual HVAC source energy, energy cost, pollution emission, and peak 974 
power demand savings in all 16 California climate zones. Cool-wall savings intensities were 975 
greatest in climate zones 14 (China Lake) and 15 (Imperial), which have long and warm cooling 976 
seasons coupled with short and mild heating seasons. The smallest cool-wall savings intensities 977 
were in California climate zones 1 (Arcata) and 16 (Mount Shasta), the two coldest locations in 978 
the state. 979 
Cool walls benefitted the oldest vintage prototypes significantly more than the older and new 980 
vintage prototypes; savings in the oldest vintage were usually 3.0 – 6.0 times those in the new 981 
vintage while savings in the older vintage were typically 2.0 – 3.0 times those in the new vintage. 982 
Cool walls in the oldest single-family home yielded annual HVAC source energy fractional 983 
savings up to 25% (CACZ 7, San Diego). Across all vintages, cool walls reduced whole-building 984 
annual HVAC energy use 3.0% to 25% in single-family homes, 0.5% to 3.7% in medium offices, 985 
and 0.0% to 9.0% in stand-alone retail stores; lowered annual HVAC energy cost 4.0 – 27% in 986 
single-family homes, 0.5 – 3.8% in medium offices, and 0.0 – 8.5% in stand-alone retail stores; 987 
decreased annual pollutant (CO2e, NOx, and SO2) emissions  -1.5 – 24% in single-family homes, 988 
0.3 – 3.8% in medium offices, and 0.0 – 10% in stand-alone retail stores; and reduced peak 989 
power demand 3.0 – 43% in single-family homes, 0.6 – 5.8% in medium offices, and 1.0 – 16% 990 
in stand-alone retail stores. Source energy use, energy cost, and emission savings in the oldest 991 
vintage were generally three to six times those in the new vintage. The cool-wall savings from 992 
the oldest vintage are important since these buildings represent over 60% of California’s stock.  993 
While the solar radiation incident on walls is typically less than that received by the roof, 994 
past and present California building codes prescribe more insulation in roofs than in walls. 995 
Hence, the source energy use, energy cost, and emission savings intensities from cool walls are 996 
comparable to those from cool roofs. In buildings with substantially more net wall area than roof 997 
area, the whole-building savings from four cool walls were often significantly greater than those 998 
from a cool roof. In the single-family home, which had a high ratio of net wall area to roof area, 999 
the ratio of cool-wall to cool-roof whole-building HVAC source energy savings was 1.5 – 3.5. 1000 
The medium office and stand-alone retail had low ratios of net wall area to roof area, with cool-1001 
wall to cool-roof whole-building HVAC source energy savings ratios of 0.40 – 1.0 and 0.20 – 1002 
0.85, respectively. Thus, the differences in savings between cool walls and cool roofs are highly 1003 
dependent on two building characteristics: (a) roof and wall insulation, and (b) ratio of net wall 1004 
area to roof area. 1005 
The south wall always yielded the largest heating penalty intensity; however, it also produced 1006 
a large cooling savings intensity.  The south-wall HVAC savings intensity was similar to those 1007 
from the east wall and west wall, which in turn were always exceeded that from the north wall. 1008 
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Therefore, the east, south, and west walls are most relevant for cool-wall adoption in California. 1009 
Cool walls will also reduce HVAC peak power demand across the state. 1010 
5.2 United States 1011 
In the U.S., climate zone 2B (Phoenix) benefitted the most from cool walls because (a) it has 1012 
a warm climate and (b) the state of Arizona follows 10+ year old building codes. USCZs 1A 1013 
(Miami), 2A (Houston), 3A (Memphis), 3B (El Paso), 3C (San Francisco), 4A (Baltimore), and 1014 
4B (Albuquerque) also yielded cool-wall savings from all vintages. The remaining U.S. climate 1015 
zones are generally colder and less sunny, with small savings or small penalties from cool walls. 1016 
As in California, the oldest vintage yielded the largest cool wall savings and penalties. This is 1017 
important since in most U.S. locations the oldest vintage buildings represent at least 60% of the 1018 
stock. For example, in residential buildings, the savings from the oldest vintage were 2.0 – 3.0 1019 
times that of the new vintage and savings from the older vintage were typically 1.2 – 2.0 times 1020 
that of the new vintage. In warm U.S. climate—zones 1A (Miami, FL) through 4B 1021 
(Albuquerque, NM)—cool walls in all vintages reduced whole-building annual HVAC source 1022 
energy use 2.0% — 8.5% in single-family homes, 0.0% – 4.2% in medium offices, and -0.5% to 1023 
5% in stand-alone retail stores; lowered annual HVAC energy cost 1.8 – 8.3% in single-family 1024 
homes, 0.3 – 4.6% in medium offices, and 0.5 – 11% in stand-alone retail stores; and decreased 1025 
annual pollutant emissions -4.5 – 13% in single-family homes, -0.4 – 6.3% in medium offices, 1026 
and -4.5 – 12% in stand-alone retail stores. Cool walls also yielded small annual HVAC source 1027 
energy savings in cold United States climate zones—4C (San Francisco, CA) through 7 (Duluth, 1028 
MN) —in some building categories and vintages. Across the U.S., cool walls reduced peak 1029 
power demand 5.0 – 22% in single-family homes, 0.4 – 4.9% in medium offices, and 0.3 – 8.2% 1030 
in stand-alone retail stores. 1031 
The east, south, and west walls typically yielded similar savings intensities, which in turn 1032 
were greater than those from the north wall. Additionally, the cool wall savings intensities of the 1033 
east, south, and west walls were similar, and sometimes much greater than that of the cool roof. 1034 
In warm U.S. climate zones [1A (Miami, FL) to 4B (Albuquerque, NM)], the ratio of whole-1035 
building cool-wall savings to whole-building cool roof savings was 1.1 to 3.0 in single-family 1036 
homes, 0.20 to 1.9 in medium offices, and 0.30 to 2.1 in stand-alone retail. 1037 
This study demonstrated that in the U.S., all buildings of any vintage from USCZ 1A 1038 
(Miami) to USCZ 4B (Albuquerque) would benefit from cool walls, especially on the east, south, 1039 
and west facets. Cool walls will also reduce HVAC peak power demand across the nation. 1040 
5.3 Recommendations for future research 1041 
Future work should further investigate the additive nature of cool wall savings, examining 1042 
those simulations in which the cool-wall savings were not additive. 1043 
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The current study also provides the foundation for two new Codes and Standards 1044 
Enhancement (CASE) initiatives—techno-economic policy assessments—to enhance 1045 
California’s Title 24 building energy efficiency standards. The first CASE initiative should 1046 
evaluate the prescription of cool walls on both new and existing residential and commercial 1047 
buildings across California. The second CASE initiative should consider expanding to additional 1048 
climate zones a residential cool-roof retrofit requirement that currently applies in only 6 of 1049 
California’s 16 climate zones. The latter suggestion is motivated by our finding that increasing 1050 
roof albedo benefits older (1980s) and oldest (pre-1980) vintage homes in all California climate 1051 
zones.  1052 
Finally, the current study can serve as a roadmap for investigation of cool-wall benefits 1053 
outside the United States. 1054 
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